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Mixed Valence MaterialsPrussian Blue Analogues of Reduced Dimensionality
 Régis Y.  N. Gengler ,  Luminita M.  Toma ,  Emilio  Pardo ,  Francesc  Lloret , *  Xiaoxing  Ke , 
 Gustaaf Van  Tendeloo ,  Dimitrios  Gournis , * and  Petra  Rudolf *  Mixed-valence polycyanides (Prussian Blue analogues) possess a rich palette 
of properties spanning from room-temperature ferromagnetism to zero thermal 
expansion, which can be tuned by chemical modifi cations or the application of external 
stimuli (temperature, pressure, light irradiation). While molecule-based materials can 
combine physical and chemical properties associated with molecular-scale building 
blocks, their successful integration into real devices depends primarily on higher-order 
properties such as crystal size, shape, morphology, and organization. Herein a study 
of a new reduced-dimensionality system based on Prussian Blue analogues (PBAs) 
is presented. The system is built up by means of a modifi ed Langmuir–Blodgett 
technique, where the PBA is synthesized from precursors in a self-limited reaction on 
a clay mineral surface. The focus of this work is understanding the magnetic properties 
of the PBAs in different periodic, low-dimensional arrangements, and the infl uence of 
the “on surface” synthesis on the fi nal properties and dimensionality of the system.  1. Introduction 
 Mixed-valence polycyanides (Prussian Blue analogues, PBAs) 
possess a rich palette of properties spanning from room-
temperature ferromagnetism [ 1 – 4 ] to zero thermal expansion, [ 5 ] © 2012 Wiley-VCH Vwileyonlinelibrary.com
 DOI: 10.1002/smll.201200517 
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E-mail: dgourni@uoi.gr which can be tuned by chemical modifi cations or the appli-
cation of external stimuli (temperature, [ 6 , 7 ] pressure, [ 8 ] light 
irradiation [ 9 , 10 ] ). In recent years, low-dimensional assem-
blies have assumed remarkable importance due to their out-
standing physical, chemical, and biological properties which 
make them attractive for photophysical and electrical appli-
cations as well as for catalysis, molecular separation, drug 
delivery, and biosensing. [ 11 ] The control of both the organi-
zation of the assemblies and their properties through simple 
external parameters, has led to the creation of new tailored 
functional materials. [ 12 ] Using a bottom-up approach and 
exploiting a fundamental interaction to trigger self-assembly, 
one can create entirely novel molecular building blocks and 
form supramolecular architectures, whose fi nal structure is 
encoded in the shape and properties of the clusters or mol-
ecules used. The family of molecule-based magnetic materials 
comprising single-molecule magnets such as Mn 12 (0D), 
[ 13 , 14 ] 
1D single-chain magnets, [ 15 , 16 ] 2D frameworks, and the broad 
range of 3D PBAs, [ 17 ] are of interest in this context. All these 
systems are built in a bottom-up approach, where the fi nal 
properties of the materials are fi ne-tuned through a care-
fully considered choice of elementary building blocks (mor-
phochemistry). Herein we use a method based on one of the 
most common—though not widely used—materials, namely 
layered smectite clay. Single clay platelets serve as templates 
for creating highly ordered low-dimensional assemblies of erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 16, 2532–2540
Prussian Blue Analogues of Reduced Dimensionalitynanostructured systems in thin-fi lm form. One of the key 
properties of smectite clays, essential to our study, is the ion-
exchange capacity which relates to the number of cations 
(present at the clay surface for charge neutrality reasons) 
exchangeable with other positively charged species. As sug-
gested by Umemura, [ 18 ] the aluminosilicate surface regulates 
the topology of the interacting molecules and affects pos-
sible supramolecular rearrangements or reactions, such as 
self-assembly processes, that are not easily controlled in solu-
tion. Recently a new method [ 18 ] combining self-assembly and 
Langmuir–Schaefer deposition has enabled the creation of 
a new type of clay hybrid grown layer-by-layer. The spatial 
arrangement of the clay platelets affords a higher control at 
the nanoscale level and an enhanced order at the macro scale 
level. Although this emerging fi eld of clay nanoscience is still 
mostly unexplored, several studies have demonstrated the suc-
cessful integration of a variety of guest species within the clay 
thin-fi lm structure either synthesized in-situ on the clay sur-
faces (through cation-exchange and self-assembly processes) 
or via the integration of as-made functional molecules. [ 19–25 ] 
 In this work, we report on an innovation in the fi eld of 
coordination chemistry. Applying our approach of in-situ 
“on surface” synthesis of PBAs (which, when synthesized in 
solution, form 3D magnetically ordered networks), a nano-
structured thin-fi lm, where PBA is sandwiched between clay 
platelets, is obtained. This arrangement reduces the PBA 
dimensionality from 3D to 2D and affords new spin-glass 
properties at  ∼ 65 K. 
 1.1. Materials 
 Similarly to the fi lms prepared by modifi ed Langmuir–
Schaefer deposition described in the literature, [ 26 ] the hybrid 
fi lms contain dimethyldioctadecylammonium (DODA) bro-
mide as amphiphilic cation and montmorillonite (Kunipia F) 
as clay mineral. The air stable PBAs Cs I [Ni II Cr III (CN) 6 ] 
and Cs I [Mn II Cr III (CN) 6 ], 
[ 2–5 ] which show a high Curie tem-
perature ( T C ) of 90 K when synthesized in solution, were 
chosen as magnetic materials. DODA (Sigma Aldrich) was 
used as received and dissolved in a mixed solvent of HPLC-
grade chloroform and methanol (9:1 in volume) to prepare a 
spreading solution of 0.1 mg mL  − 1 . 
 The smectite clay mineral was a sodium-saturated 
montmorillonite Kunipia F acquired from Kunimine 
Industries Co. (Japan) with the mineralogical formula 
Ca 0.11 Na 0.891 (Si 7.63 Al 0.37 )(Al 3.053 Mg 0.65 Fe 0.245 Ti 0.015 )O 20 (OH) 4 
calculated from the chemical analysis. The cation-exchange 
capacity (CEC) of the clay was 1.15 mequiv g  − 1 . The thickness 
of the single clay platelet, estimated from the crystal structure, 
is 9.6 Å. A stock suspension of the clay was prepared by stir-
ring for 12 hours 1 g of clay in 1 L of Millipore ultrapure water 
(18.2 M Ω ) and diluted to a given concentration just before 
used as a subphase in the Langmuir Blodgett trough. 
 For the “on surface” synthesis of PBA we employed as 
precursors (a) NiCl 2 • 6H 2 O, (b) MnCl 2 • 4H 2 O, (c) CsCl, and 
(d) K 3 [Cr(CN) 6 ]. All those compounds were of the highest 
purity commercially available (Sigma Aldrich) and used 
as received. Together (a), (c),and (d) were used to prepare © 2012 Wiley-VCH Verlag Gmsmall 2012, 8, No. 16, 2532–2540Cs I Ni II [Cr III (CN) 6 ] (shortly written as CsNiCr), (b), (c), 
and (d) to synthesize Cs I Mn II [Cr III (CN) 6 ] (shortly written 
as CsMnCr), and (a), (b), (c), and (d) for the fabrication of 
Cs I Ni II [Cr III (CN) 6 ]-Cs 
I Mn II [Cr III (CN) 6 (shortly written as 
CsNiMnCr). 
 Diamagnetic Mylar substrates of 0.125 mm thickness 
(from GE Polymershapes HiFi Snij-Unie) were used for X-ray 
diffraction, X-ray photoelectron spectroscopy, atomic force 
microscopy, high-resolution transmission electron microscopy, 
high-angle annular dark fi eld scanning electron transmission 
microscopy, energy dispersive X-ray spectroscopy and mag-
netic measurements, while Calcium Fluoride (CaF 2 ) plates 
(15 mm  × 10 mm  × 1 mm), rendered hydrophobic by rubbing 
with molten ferric stearate (purchased from Sorem, France), 
were used as substrate for the FT-IR measurements. 
 1.2. Film Preparation 
 Films were prepared following the deposition cycle as 
depicted in the  Scheme  1 with the help of a thermostated 
Nima Technology 612D Langmuir–Blodgett (LB) trough at a 
temperature of 21  ± 0.5  ° C. The surface tension in the trough 
was monitored with a Wilhelmy plate. Clay suspensions in 
18.2 M Ω Millipore ultrapure water were used as subphase (as 
described above). A clay concentration in the suspension of 
10 ppm was chosen as the optimal value. [ 26 ] To achieve the 
hybridization of the clay platelets, 200–300  μ L of DODA - 
solvent mixture (0.1 mg mL  − 1 ) were spread onto the water 
surface. After a waiting time of 15 min to allow for the sol-
vent evaporation and the clay-surfactant functionalization to 
occur, [ 26–28 ] the hybrid DODA-clay layer was compressed at 
a rate of 30 cm min  − 1 until the chosen stabilization pressure 
of 14 mN m  − 1 was reached. This pressure was maintained 
throughout the deposition process. Films were transferred 
onto the hydrophobic substrate by horizontal dipping, with 
downward and lifting speeds of 10 mm min  − 1 and 2, respec-
tively. Each time the substrate was lowered into the LB 
trough, it was allowed to touch the air-water interface in a 
very gentle dip of max 0.5 mm below the water level and 
then rinsed several times by dipping into ultrapure water. 
The exchangeable cations (i.e., Na  +  ) present on the outer 
surface of the transferred hybrid DODA-clay fi lm were then 
ion-exchanged by dipping the fi lm into an aqueous solution 
(50 m m ) of another cationic compound, in our case Ni 2 +  
for the synthesis of CsNiCr or Mn 2 +  for that of CsMnCr. 
The sample was rinsed copiously with pure water and sub-
sequently immersed for 1 min in an aqueous solution con-
taining K 3 [Cr(CN) 6 ] (50 m m ) and an excess of CsCl (0.5  m ) 
to induce the in-situ formation of a low-dimensional struc-
ture of CsNiCr or CsMnCr. The fi nal surface was rinsed again 
copiously with pure water and dried by blowing with N 2 . 
CsNiMnCr samples were prepared by following initially the 
procedure as described for CsNiCr, but after the formation of 
the CsNiCr layer, the fi lm was dipped in the aqueous solution 
of Mn 2 +  , rinsed with pure water and dipped for 1 min in the 
aqueous solution of K 3 [Cr(CN) 6 ] and CsCl and rinsed again 
with pure water. To deposit multilayer fi lms, one simply repeats 
the whole cycle as many times as needed (see Scheme  1 ). 2533www.small-journal.combH & Co. KGaA, Weinheim
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 Scheme  1 .  Deposition procedure.  2. Characterization Tools 
 X-Ray diffraction (XRD) patterns were collected using a 
Philips PANanlytical X’Pert MRD diffractometer with a Cu 
K α ( λ  = 1.5418 Å) radiation source (40 kV, 40 mA), a 0.25 ° 
divergent slit and a 0.125 ° antiscatter slit. The refl ectivity pat-
terns were recorded in the 2-theta (2 θ ) range from 0.5 to 10 ° 
with a 0.01 ° step and a counting time of 10 s per step. 
 X-ray photoelectron spectroscopy (XPS) data were 
collected with a SSX-100 (Surface Science Instruments) 
spectrometer equipped with a monochromatic Al K α X-ray 
source ( h ν  = 1486.6 eV) and operating at a base pressure of 
3  × 10  − 10 mbar. The energy resolution was set to 1.3 eV and 
the photoelectron take-off angle was 37 ° . A fl ood gun pro-
viding 0.1 eV kinetic energy electrons in combination with a 
Mo grid placed above the sample was used to compensate for 
sample charging. Binding energies are reported  ± 0.1 eV and 
referred to the Si 2p peak of clay at 102.9 eV. [ 29 ] 
 High-resolution transmission electron microscopy 
(HRTEM), high angle annular dark fi eld scanning electron 
transmission microscopy (HAADF-STEM) and energy dis-
persive X-ray spectroscopy (EDX) data were collected using 
a FEI Tecnai G 2 microscope operated at 200 keV. 
 The infrared (IR) spectra were recorded in transmission 
mode with a Bruker IFS 66 v/S vacuum FTIR spectrometer 
operating at 10  − 2 mbar. The FTIR spectrometer was equipped 
with a liquid nitrogen cooled MCT detector and a KBr beam 
splitter. Each spectrum was the average of 150 scans collected 
with 2 cm  − 1 resolution. 
 Magnetic properties of DODA–clay–PBA hybrid fi lms were 
investigated by carrying out variable temperature (2–300 K) 
DC magnetic measurements with a Quantum Design SQUID 
magnetometer. Variable-temperature (20–90 K) AC magnetic 
measurements were performed under zero applied static fi eld 
and at 1 G oscillating fi eld in the frequency range 1–1000 Hz. 534 www.small-journal.com © 2012 Wiley-VCH Ve 3. Results and Discussion 
 X-ray diffraction patterns of hybrid multilayers were recorded 
in order to determine the  d (00l) basal spacing of the hybrid 
DODA–clay–PBA structure.  Figure  1 (left) displays the 
XRD patterns of a 120-layer thick fi lm of DODA–clay–PBA 
deposited on Mylar, where PBA stands for CsNiCr; CsMnCr 
and CsNiMnCr. For all three samples one observes multiple 
peaks, which clearly reveal an out-of-plane order in the fi lm. 
Assuming that the fi rst peak on each diffractogram rep-
resents the (001) Bragg peak, we can deduce from its posi-
tion the dimensions of the repeating unit along the direction 
normal to the fi lm plane. While for a structure without PBA 
consisting of DODA–Clay–DODA,  d (001)  = 35–36 Å, [ 26 ] 
a somewhat increased  d spacing is observed for the three 
PBA containing samples, namely for CsNiCr 36.4  ± 0.5 Å, for 
CsMnCr 36.4  ± 0.5 Å, and for CsNiMnCr 37.6  ± 0.5 Å. The 
DODA–clay–PBA structure thus displays this slightly larger 
spacing notwithstanding the fact that the repeating unit con-
tains just one layer of DODA per clay layer, contrary to the 
organoclay fi lm without the PBA, where DODA is grafted on 
both sides of each clay platelet. [ 26 ] We can therefore reason-
ably assume that the repeating structure corresponds to the 
one displayed in Figure  1 (right panel): a single clay platelet 
of 9.6 Å thickness, a DODA layer of 15–20 Å thickness, [ 26 ] 
and a PBA layer of 7–12 Å thickness. 
 From this result one has to conclude that the PBA synthe-
sized on the surface of the clay has a low dimensional struc-
ture (further evidence comes from HRTEM as discussed 
below). Yamamoto et al. [ 30–32 ] proposed that the structure of 
such a material deposited in-situ on the clay surface through 
cation-exchange was purely one-dimensional. According to 
these authors, PBA does not form a “perfect” 2D grid net-
work, as the one shown in  Figure  2 A (note that the Cs ions 
are not shown for clarity) but rather isolated wire- or rod-like rlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 16, 2532–2540
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 Figure  1 .  Top panel: X-ray diffraction patterns for 120-layer thick hybrid 
DODA–clay–PBA fi lms where the PBA is (  ) CsNiCr (1), (  ) CsMnCr (2) 
and (  ) CsNiMnCr (3). Bottom panel: Model for the structure of a DODA–
clay–PBA fi lm where the Prussian blue units are represented by cubes 
between the clay–surfactant layers. structures of alternating metal ions linked through cyano lig-
ands (omitted for clarity in Figure  2 ). We can also exclude the 
possibility of a 3D-like network, as sketched in Figure  2 C, since 
such a structure would imply a larger repeating unit as well as 
PBA-derived peaks in the diffractogram (not observed in our 
samples, see Figure S3 of the Supporting Information (SI)). 
 Moreover, since the material was assembled, as depicted in 
Scheme  1 , in a sequence alternating two dips to synthesize the 
PBA with the DODA-clay dip (in the LB trough), it is unlikely 
that a 3D cubic structure forms under such circumstances. A 
structure like the one sketched in Figure  2 D is equally unlikely 
for the same reasons, except if the primary M II cations were 
mobile on the clay surface during the deposition. We therefore © 2012 Wiley-VCH Verlag Gmsmall 2012, 8, No. 16, 2532–2540suggest that the PBA layer is either 1D- or 2D-like, as sug-
gested by Yamamoto et al. [ 30–32 ] or, and equally likely, 2D- or 
3D-like as displayed in Figure  2 E. As already pointed out in 
previous studies of similar materials, gaining insight in the in-
plane structure of the material deposited in the clay stack is a 
delicate task. Due to its low dimensionality and short range 
order along the X and Y axis, getting in plane crystallographic 
data is extremely diffi cult. Cs  +  cations, present in excess in the 
solution of [Cr(CN) 6 ] 
3 −  , will be incorporated in the structure 
when the neutrality reasons require it. 
 X-ray photoelectron spectroscopy was applied to confi rm 
the successful insertion of PBA between the clay platelets. 
As displayed in Scheme  1 , the synthetic procedure involves 
successive dipping in aqueous solutions of M II Cl 2 •  n H 2 O 
[where M II  = Ni and Mn, respectively,  n  = 6 (Ni II ) and 4 
(Mn II )] and a mixed solution of K 3 [Cr(CN) 6 ] and CsCl in 
excess. It is expected that the M(II) cations will ion-exchange 
the Na  +  cations naturally present on the clay surface. Cl  −  and 
Na  +  , the side products of this reaction, should be eliminated 
in the rinsing step and not present in the fi lm. Similarly 
K 3 Cr(CN) 6 will react with the cation and release K 
 +  as side 
product, which in large measure are eliminated by rinsing. 
The successful integration of all the desired components in 
the hybrid fi lms (DODA, clay and PBA) is confi rmed by the 
elemental composition deduced from XPS. The overview 
spectrum shown in  Figure  3 for the case of CsNiCr features 
the fi ngerprint of all the expected constituents of the fi lms: 
Al, Si, O (from the clay mineral) C, N (from the surfactant 
and the cyano ligands), Cr, Cs, Ni (from the PBA units). 
In addition to the elements mentioned, some K  +  ions from 
K 3 Cr(CN) 6 are present in the fi lm; presumably this residual 
potassium is due to limited amount of reactant [M(II)] cat-
ions on the clay surface given by the CEC as discussed above. 
Detailed scans of the metal core level regions are displayed 
at the bottom of Figure  3 and confi rm the expected valency 
of the transition metal ions. This analysis is confi rmed by 
STEM-EDX (see SI Figure S2) where all the elements speci-
fi ed above were detected. 
 HRTEM and high-angle annular dark-fi eld scanning elec-
tron transmission microscopy (HAADF-STEM) analysis 
performed on the 120-layer hybrid fi lms of DODA-clay-CsN-
iMnCr confi rm the proposed model of bidimensional PBA 
growth through the “on surface” synthesis. The fi lms were 
deposited on mylar and a ultra-thin cross-sectional lamella 
was prepared by a focused ion beam (FIB) to allow for TEM 
analysis. The HRTEM image ( Figure  4 a) clearly testifi es a 
layered structure. The periodicity of the structure is in agree-
ment with the crystallographic data provided by XRD and 
our proposed structure (Figures  1 and  2 ). Figure  4 b shows a 
HAADF-STEM image of the same lamella where the lay-
ered structure is confi rmed by a clear contrast between dark 
and brighter regions. Since HAADF-STEM is sensitive to the 
Z number of contributing elements, the brighter contrast in 
Figure  4 b is due to the atoms with higher atomic number Z 
(Cs,Mn,Ni,Cr) present in PBA. The HAADF-STEM image 
therefore confi rms that the PBA (higher Z) sandwiched 
between clay layers (low Z) is present as a 2D layer. In 
addition, an attempt of (in plane) diffraction using selected-
area electron diffraction (SAED) did not yield evidence for 2535www.small-journal.combH & Co. KGaA, Weinheim
R. Y. N. Gengler et al.
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 Figure  2 .  Proposed structural models for the low dimensional PBA compounds: blue balls  = Cr III ions, red balls  = M II ions (M  = Ni, Mn), green balls  = 
unreacted K ions (see discussion XPS results in main text). PBA crystallites, once more rejecting the hypothesis that 3D 
PBA nano- or micro-crystallites are present in the fi lms. 
 The infrared (IR) spectra of the 40-layer thick DODA–clay–
PBA hybrid fi lms deposited at 10 mN m  − 1 on CaF 2 substrate 6 www.small-journal.com © 2012 Wiley-VCH V
 Figure  3 .  X-ray photoelectron spectra of a 40 layer thick hybrid DODA–cla
scan (top) and detailed scans of the Ni 2p, Cr 2p, and Cs 3d regions (bottare shown in  Figure  5 . The FT-IR absorption spectra give some 
characteristic stretching vibration bands: the peaks at 2915 cm  − 1 , 
2848 cm  − 1 , and 1466 cm  − 1 correspond to the symmetric and 
asymmetric stretching or scissoring vibrations of the meth-erlag GmbH & Co. KGaA, 
y–CsNiCr fi lm, wide 
om). ylene groups of dimethyldioctadecylammo-
nium, the bands at 1116 cm  − 1 and 1035 cm  − 1 
are assigned to the in-plane and out-of-
plane  ν (Si–O) vibrations of the montmo-
rillonite clay, while the CN-bridged 
stretching bands appear at 2172.5 cm  − 1 
(CsNiCr), 2162.0 cm  − 1 (CsMnCr), and 
2166.5 cm  − 1 (CsNiMnCr). This once more 
indicates that all the components (clay 
platelets, amphiphilic surfactant, and PBAs) 
are present in the fi lm. Moreover, as the 
number of hybrid layers increases, the 
intensity of the  ν (CN) peaks of the DODA–
clay–CsNiCr sample becomes more intense, 
as illustrated in Figure  5 b, and their ampli-
tudes grow linearly with the number of 
layers (inset Figure  5 b); this confi rms that 
the multi layer fi lm of DODA, clay, and PBA 
is built up in a layer-by-layer fashion. 
 Normally the magnetic properties 
of a material are discussed based on the 
determination of the absolute intensity of 
magnetization. In the case of our fi lms, the 
magnetically active material that is syn-
thesized depends on the interaction with 
the clay and the ion-exchange; hence an 
absolute measurement of the total amount 
of PBA formed within the fi lm structure 
could not be determined. Moreover, the 
nature of the fi lm samples results in a sig-
nifi cant diamagnetic background arising 
from the DODA-clay layers, substrate Weinheim small 2012, 8, No. 16, 2532–2540
Prussian Blue Analogues of Reduced Dimensionality
 Figure  4 .  HRTEM (a) and HAADF-STEM image (b) of a cross-sectional thin lamella prepared from a 120-layer thick hybrid DODA–clay–CsNiMnCr 
fi lm by a focussed ion beam. and sample container, making it diffi cult to quantify the fi lm 
response under external magnetic fi elds. Therefore, the mag-
nitude of the magnetization will be given in arbitrary units. 
 The temperature dependence of the magnetization was 
recorded in fi eld cooled (FC) and zero fi eld cooled (ZFC) 
confi guration in order to determine the Curie temperature, 
 T C , defi ned by the onset of the magnetization. The measure-
ments of the magnetization versus temperature were per-
formed with the external fi eld both parallel and perpendicular 
to the fi lm plane. The fi eld-cooled magnetic response of the 
fi lms is clearly anisotropic, being the parallel magnetization 
more intense than the perpendicular one. This magnetic ani-
sotropy of the thin-fi lm samples containing the Cr-CN-Ni and 
Cr-CN-Mn grid networks provides convincing evidence for 
the low-dimensional nature of these fi lms. © 2012 Wiley-VCH Verlag Gmb
 Figure  5 .  a) Infrared spectrum of a 20 layer thick hybrid DODA–clay–
CsNiCr fi lm transferred onto CaF 2 plates at a surface pressure of 
10 mN m  − 1 and for a clay concentration in the subphase of 10 mg dm  − 3 ; 
b)  ν (CN) region for different number of DODA–clay–CsNiCr layers (from 
10 to 60 layers) (the inset shows the relation between the IR intensity 
and the number of layers); c)  ν (CN) region for the different 40-layer 
hybrid DODA–clay–PBA fi lms. 
small 2012, 8, No. 16, 2532–2540 However, not considering the absolute intensity, the mag-
netization data for both orientations were basically the same. 
Therefore, we present here the measurements obtained for 
the parallel direction.  Figure  6 shows the fi eld-cooled (FC) 
and zero-fi eld-cooled (ZFC) magnetization for 120-layer 
hybrid fi lms of DODA–montmorillonite–PBA where the 
PBA is CsNiCr (Figure  6 a), CsMnCr (Figure  6 b) and CsN-
iMnCr (Figure  6 c). At fi rst glance, the FC magnetization data 
seem to reveal the occurrence of a magnetic order in the thin-
fi lm structure with Curie temperatures of 80 K (CsNiCr and 
CsNiMnCr) and 65 K (CsMnCr) as determined by extrapo-
lation of the steepest slope of the magnetization curves to 
 M  = 0. However, the zero-fi eld-cooled (ZFC) magnetization 
curves show irreversibility below  T irrev  ≈ 60 K for CsNiCr 
and 55 K for CsMnCr, suggesting lower  T C values than those 
observed from the fi eld-cooled (FC) magnetization curves. 
The ZFC magnetization curve for CsMnNiCr suggests the 
presence of two different magnetic orders around 40 K and 
68 K, consistent with the presence of two different layers in 
the fi lm (CsNiCr and CsMnCr). These  T C values are lower 
than those observed for the pure 3D bulk sample of the same 
material ( T C  = 90 K for CsNiCr and CsMnCr). 
[ 33 ] However, 
the hysteresis loops measured at 2 K (insets of Figures  5 a–c) 
show coercive fi elds of around 105 G, 75 G, and 130 G for 
CsNiCr, CsMnCr, and CsNiMnCr hybrid fi lms, i.e., similar to 
those observed for pure 3D bulk samples. 
 Figures 7 a–c show the alternating-current (AC) suscepti-
bility measurements. The data show both  χ ′ (real or absorptive) 
and  χ ′ ′ (imaginary or dispersive) components with maxima 
at much lower temperatures than  T C , which are frequency-
dependent. The presence of a  χ ′ ′ component is indicative of 
uncompensated moments and the frequency dependence 
of the position of the maxima in both components suggests 
a spin-glass-like behavior. Spin-glass behavior results from 
contributions of randomness (i.e., site disorder, bond dis-
order, etc.) and mixed interactions (i.e., ferro- and antiferro-
magnetic coupling) within a material. [ 34 ] The combination of 
randomness and competing ferro- and antiferro-magnetic 
couplings between nearest-neighbor spin sites leads to spin 
frustration. In this respect, Figure  2 (B and E) shows the pos-
sible randomness and different magnetic couplings in these 2537www.small-journal.comH & Co. KGaA, Weinheim
R. Y. N. Gengler et al.
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 Figure  6 .  The fi eld-cooled (FC) and zero-fi eld-cooled (ZFC) magnetization for 120-layer hybrid fi lms of DODA–clay–CsNiCr (a), DODA–clay–CsMnCr 
(b), and DODA–clay–CsNiMnCr (c) when the external fi eld of 100 G is parallel to the fi lm plane. Insets show hysteresis loops for the same fi lms 
measured at 2 K. fi lms, which supports the idea of a spin-glass behavior. The 
freezing temperature,  T f , of the spin-glass is best determined 
by the maximum of  χ ′ at the lowest frequency (1 Hz) closest 
to the zero-fi eld limit. Following this method, the observed 
values of  T f are 48 K (CsNiCr) and 45 K (CsMnCr), which 
are much lower than the ordering temperature approximated 
from FC magnetization data (82 K and 65 K). It is important 
to note that it is also observed a shoulder in  χ ′ ′ at about 68 K 
for CsNiCr (see below). 
 Both  χ ′ and  χ ′ ′ have two overlapping peaks for CsNiMnCr. 
There is no resolvable frequency dependence in the position 
of the higher temperature peak at 68 K, but there is frequency 
dependence in the lower temperature peak that is clearly 
resolved in  χ ′ ′ . This peak at lower temperature (Figure  7 c) is 
very broad and must be a combination of two peaks, one of 
them corresponding to the CsNiCr layers and the other one 
to those of CsMnCr, which appear in this temperature region. 
The peak at higher temperature (68 K) must be related to 
the shoulder observed in  χ ′ ′ for CsNiCr (Figure  7 a) at the 
same temperature. The occurrence of a frequency-dependent 
transition below  T C is characteristic of the so-called “re-
entrant spin-glass” behavior. [ 34 ] Some materials with spin-
glass behavior exhibit their glass transition,  T f , at or above www.small-journal.com © 2012 Wiley-VCH V
 Figure  7 .  AC magnetic susceptibility for various frequencies in the 1–100
clay–CsMnCr, and c) DODA–clay–CsNiMnCr.  T C . It is less common to see a glass transition below  T C and 
this behavior is termed “re-entrant” because the magnetically 
ordered state re-enters a “disordered” state at lower tem-
perature. This is thermodynamically allowed only when the 
entropy of the frustrated spin system is reduced by creating 
cluster domains of spin with local order that are more weakly 
coupled to neighbouring cluster domains in a state of order 
similar to a true glass. In general, the frequency-dependence 
of the  χ ′ and  χ ′ ′ components in AC measurements indi-
cate a slow magnetic relaxation of the magnetization. [ 34 , 35 ] 
Such behavior has been observed for single molecule mag-
nets, [ 13 , 14 , 36–38 ] magnetic nanoparticles [ 39–41 ] as well as single-
chain magnets, [ 15 , 16 , 42–45 ] but the same behavior also occurs in 
spin-glass systems. [ 34 , 35 ] 
 The associated relaxation time of the magnetization can 
be described by an Arrhenius law ( equation (1) ). [ 34 , 35 ]
 





  (1) 
 During AC measurements of the magnetic susceptibility 
of the material, the maximum observed in the  χ ′ ′ component 
(out-of-phase) corresponds to the blocking/glass temperature, erlag GmbH & Co. KGaA, Weinheim
0 Hz range for 120-layer hybrid fi lms of: a) DODA–clay–CsNiCr, b) DODA–
small 2012, 8, No. 16, 2532–2540
Prussian Blue Analogues of Reduced Dimensionality T B , at which the relaxation time is equal to the timescale of 
the measurement, [ 14 , 39–41 , 46 ]  τ 0  = 1/2 π f 0 ,  f 0 being the attempt 
or exciting frequency of the AC susceptometer,  k B the 
Boltzmann constant and  T the absolute temperature. 
 If one plots ln  τ versus 1/ T , the graphs can be well 
approximated by a purely linear fi t (see Figure S1 of the SI 
for CsNiCr and CsMnCr), meaning that the behavior fol-
lows the Arrhenius law [E quation (1) ]. However, the fi ts give 
unphysical values for  τ 0 ( ∼ 10 
 − 20 s for CsNiCr and  ∼ 10  − 22 s for 
CsMnCr), well above typical relaxation values of  ∼ 10  − 9 –10  − 12 s 
for superparamagnets. These very low and unphysical values 
of  τ 0 suggest that not only one energy barrier exists but a large 
number of them and therefore disordered ferro- (CsNiCr) 
and ferri-magnets (CsMnCr) occur in the fi lms. In fact, very 
low values for  τ 0 are obtained ( τ 0  ≈ 10 
 − 30 –10  − 40 s) when  Equa-
tion (1) is applied to spin-glasses. [ 34 , 35 ] The existence of a large 
distribution of relaxation times can be also observed from the 
difference between  T irrev and  T C . The larger is the difference, 
the larger the distribution of relaxation times. In molecular 
nanomagnets these two temperatures have very close values. 
In this context, Mydosh [ 34 ] has proposed the  F ratio to dis-
tinguish between a spin-glass and superparamagnetic state 
( Equation 2 ), where  T i and  T j are the temperatures at which 
the maxima in  χ ′ ′ at the frequencies  f i and  f j occur.
 F = (Ti − Tj )
/
[Ti (log fi − log f j )]   (2) 
 We calculated the  F values from  Equation (2) for our 
hybrid fi lms based on the data displayed in Figure  7 a and b 
and found  F  ≈ 0.05 for the CsNiCr and CsMnCr fi lms (plot 
Figure S1 of the SI). These values testify for a spin-glass 
behavior ( F  ≈ 0.08–0.001), value of  F  ≈ 0.3–0.15 would be 
observed for superparamagnets. [ 34 , 35 , 47 , 48 ] 
 As suggested by Kim et al. , [ 39 ] who got a similar result for 
magnetic nanoparticles, the reason of this physical mismatch 
could be due to an increased interaction between entities 
owed to a morphological parameter leading to an increased 
anisotropy energy barrier. We therefore speculate that a dense 
PBA layer between clay platelets, or a clay - PBA interaction 
could be responsible for this increased interaction between 
magnetic entities; the sample could then be almost 2D and 
“weakly” superparamagnetic or a mixed superparamagnetic 
spin-glass. The latter hypothesis is supported by reports of 
Talham et al. [ 47–49 ] on similar PBA thin-fi lm systems. 
 The magnetic behavior of our hybrid DODA–clay–PBA 
fi lms is therefore radically different from that of the bulk 3D 
ferromagnetic PBA. Through the “on surface” synthesis the 
dimensionality of the compound reduced from 3D to 2D-like 
behavior. Moreover, to the best of our knowledge, the 
obtained glass temperatures for our various structures are as 
much as 40 K higher than all previously published values for 
similar compounds. 
 4. Conclusion 
 The use of a modifi ed Langmuir–Schaefer approach com-
bined with “on surface” synthesis of organometallic molecule-
based magnetic compounds enabled the synthesis of © 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 16, 2532–2540Prussian Blue Analogue structures with reduced dimension-
ality separated by layers of nanosized clay platelets. These 
low-dimensional PBA-based structures show new magnetic 
properties between superparamagnetic and spin-glass prop-
erties with high blocking glass temperatures above 65 K. 
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